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Autumn sea ice thickness, ridging and heat flux variability in
and adjacent to Terra Nova Bay, Ross Sea, Antarctica
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Abstract. The variability of sea ice thickness and snow depth observed from the R/V Nathaniel
B. Palmer in late May 1998 in and adjacent to Terra Nova Bay (TNB), Ross Sea, Antarctica, is
described. Conductive heat fluxes are estimated on the basis of the observed snow and ice
thicknesses. There was only 6% areal coverage of open water in TNB and 87% of the areal
coverage of unridged ice was <0.3 m thick. Between the western and eastern margins of TNB
there were increases in the area-weighted unridged ice thickness (0.05-0.25 m) and the areal
extent of ridging (2.5-18.5%). Ridged ice accounted for 44-66% of the total ice mass in TNB
and was as vital to thickening the ice cover as it was outside the bay, where 30-60% of the total
ice mass was contained within the 5-35% of ice that was ridged. Satellite passive microwave
(Special Sensor Microwave Imager SSM/I) data show that the extensive ice cover in TNB was
normal for this time of year probably because of the blocking effect of thick, ridged, 100%
concentration pack ice outside the bay. Despite the extensive ice cover in TNB, there was an
order of magnitude difference in area-weighted mean heat flux between the bay and the pack ice.
For example, depending on the choice of bulk snow thermal conductivity value &, (0.14 or

0.31 Wm™ K™), the heat flux values for unridged ice were 199 or 216 W m™ in TNB versus 35
or 49 W m” on the inbound pack ice leg and 20 or 39 W m™ on the outbound pack ice leg.
Factoring in the contribution of ridges to the ice thickness distribution decreased the heat flux in
the bay and the pack ice by 25 or 36%, depending on .. The greatest proportion of the heat flux
in TNB occurred through the ice; no more than 30% of the heat loss was from open water. Since
the ice conditions observed in TNB were apparently normal for the time of year, the heat fluxes

also must have been quite normal.

1. Introduction

Polynyas are oceanic areas that remain either partially or
totally free of ice at times and under meteorological conditions
when the water surface would be expected to be totally covered
with ice [World Meteorological Organization (WMO) 1970].
Coastal polynyas are common around the margin of the Antarctic
continent [Kurtz and Bromwich, 1985; Cavalieri and Martin,
1985; Zwally et al., 1985; Kottmeier and Engelbart, 1992:
Adolphs and Wendler, 1995, Bromwich et al., 1998; Markus er
al., 1998; Massom et al., 1998a; Van Woert, 1999a, 1999b]. They
are often referred to as latent heat polynyas because the heat
required to balance loss to the atmosphere, and hence to maintain
the open water, is provided by the latent heat of fusion of
continuous ice formation and removal. Because large quantitics
of sea ice are produced, polynyas are often referred to as “ice
factories.” Ice growth and ocean to atmosphere heat transfer are
accompanied by salt injection into the ocean and subsequent
dense water formation.

Terra Nova Bay (TNB) in the western Ross Sea, Antarctica, is
the location of a prominent coastal polynya. According to
Bromwich and Kurtz [1984] and Kurtz and Bromwich [1983,
1985] it is maintained solely by strong katabatic winds that blow
sea ice offshore. while the blocking effect of the Drygalski Ice
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Tongue prevents sea ice drifting in from the south. Van Woert
[1999a, 1999b] suggests that fluctuations in the extent of the
polynya are also influenced by the compactness of the pack ice in
the southwestern Ross Sea. The cumulative annual ice production
in the TNB polynya has been estimated to be of the order of 50-
80 km’, amounting to an estimated 10% of the total ice
production on the Ross Sea continental shelf [Kurtz and
Bromwich, 1985, Van Woert, 1999a]. The resultant brine
rejection contributes to High Salinity Shelf Water (HSSW)
formation, which may amount to 20% of all shelf water in the
Ross Sea [Jacobs et al., 1985; Kurtz and Bromwich, 1985].
Export of HSSW from TNB polynya has been estimated to be
1 Sv [Manzella et al., 1999; Van Woert, 1999b].

The investigation of TNB and other Antarctic coastal polynyas
has relied primarily on remote sensing and numerical modeling,
as few observations have been made in situ. Surface observations
of polynya ice characteristics and processes are important as they
can contribute to improvements in remote sensing of polynyas,
forcing and validation of numerical models of their extent and ice
production, and estimates of ocean-atmosphere exchanges.
Observations from the R/V Polarstern in late 1986 revealed that
the ice cover in Weddell Sea coastal polynyas thickened
thermodynamically by both congelation and frazil ice growth and
dynamically by rafting and ridging [Eicken and Lange, 1989].
The turbulent heat fluxes in those polynyas were subsequently
calculated on the basis of the observed ice and metearological
conditions [Kottmeier and Engelbart, 1992]. An experiment
aboard the R/V Aurora Australis in the Mertz Glacier polynya,
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East Antarctica, in July and August 1999 will no doubt add
significantly to the understanding of the nature of the ice cover
and its influence on heat flow from polynyas.

In late May 1998 we made the first systematic ship-based
observations of the autumn sea ice cover in and adjacent to TNB.
This paper (1) describes snow and ice thickness variability in
TNB and in the pack ice for a distance of 275 km east of the bay
and (2) presents estimates of the conductive heat flux to the
atmosphere as a function of the observed snow and ice
thicknesses. There was very little open water in TNB: it was
almost completely covered with moderately thick, ridged ice.
These observations are placed in a longer temporal context
(autumn 1988 through autumn 1998) using Special Sensor
Microwave Imager (SSM/I) satellite passive microwave data to
describe the open water/ice concentration variability and
automatic weather station (AWS) data to describe air temperature
and wind speed variability. The remote sensing and AWS data
indicate that there was nothing unusual about the state of TNB
and thus the heat flux estimates, for the time of year.

2. Study Area and Cruise Track

In May and June 1998 the R/V Nathaniel B. Palmer operated
in the Ross Sea pack ice supporting sea ice geophysics and
ecology investigations between the ice edge and the continent,
primarily between 63° and 78°S and between 173°E and 175°W
(Figure 1). The cruise included an excursion into and out of TNB,
which is bordered on its south side by the Drygalski [ce Tongue,
on its north side by Cape Washington, and on its west side by
Nansen Ice Shelf, from which Hells Gate Ice Shelf is derived
(Figure 1). The Drygalski Ice Tongue extended as far east as
165.5°E in May 1998. The excursion into TNB began on May 23
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(day 145) at 75°S, 175°E. Late morning on May 27 (UT, day
147) we reached 74.915°S, 163.833°E, a point 1.852 km
(1 nautical mile) from the front of the Hells Gate Ice Shelf on the
Victoria Land coast (Figure 1). From there we proceeded to
75.332°S, 164.688°E near the northern edge of the Drygalski Ice
Tongue before crossing the entire width of TNB to Cape
Washington (Figure 1), which was reached midmorning on May
28 (UT, day 148). We left Cape Washington early morning on
May 29 (day 149), and the TNB excursion ended on May 31 (day
151) at 74.783°S, 175°W.

3. Methods
3.1. Ice Observation Method

A program of standardized ice observations was maintained
while the ship was underway in the pack ice. The ice observation
program | Worby and Allison, 1999] is endorsed by the Scientific
Committee for Antarctic Research (SCAR) as the standard for
ship-based acquisition of Antarctic sea ice data. Ice observations
were made each hour from the ship’s bridge. For each
observation the ice cover was divided into three thickness
categories, and for each category the concentration, mean
unridged ice thickness, mean snow depth on the unridged ice, and
areal extent and height of ridges were estimated. A simple
empirical ridge profile model [Worby et al,, 1998] calculates the
mean ridged ice thickness from ridge extent and height data. The
calculation of the mean ridged ice thickness does not include the
use of a ridge height cutoff because that would exclude a large
volume of ice below the waterline [ Worby ef al., 1996; K. Morris,
M. O. Jeffries, T. Tin, and N. Kozlenko, Late autumn ice
concentration, thickness and ridging distributions in the Ross Sea,
submitted to Journal of Glaciology, 2000, hereinafter referred to
as Morris et al., submitted manuscript, 2000].

2 i 170E
74
74,55
755

<1 |ce Tongue

A
/5.

JOF 180 170W
| J_
708
| ’-*\.5\?_ o
A lk
7554 t N
L&
ANSET Y

Figure 1. Map of the inbound and outbound tracks of the
out of TNB between May 25 (day 145) and May 31, (day
longitudes 169° and 169.5°E, but otherwise, the outbound
and after this excursion the ship’s track was northbound

R/V Nathaniel B. Palmer during the excursion into and
151) 1998. The tracks were almost coincident between
leg always lay to the north of the inbound leg. Prior to
along the 175°E meridian. The insert shows the ship’s

track for the entire Ross Sea cruise in May and June 1998, including the TNB inbound and outbound legs, which
are identified by the asterisk. Drygalski Ice Tongue extended to 163.5°E in May 1998, defining the eastern edge of
TNB (dashed line). The locations of samples obtained for ice texture analysis are identified by a cross.
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The mean unridged ice and mean ridged ice thickness values
are added to give a mean effective ice thickness. Each of these
values is calculated over the entire pack ice, including the apen
water fraction, i.e.. for a unit area. The advantage of this
approach is that ice thickness values calculated from these
standardized observations can be compared directly regardless of
time and location. Since there were only two observations of
<10/10 ice cover (west of 164°E in westernmost TNB), there is
negligible difference between the mean ice thickness values
calculated over the unit area and those calculated over the
fractional ice area.

The estimates of the unridged ice thickness variability are
based on observations of floes that turn on edge along the side of
the ship below a float of 0.4 m diameter. Worby [1998] suggests
that the uncertainty in the unridged ice thickness estimates is
£20% for thin ice, i.e., ice <0.3 m thick, and £10% for thicker
ice. Uncertainties in the estimates of the areal extent of ridging
have not been quantified. While we recognize that accurate
estimates of ridging extent are difficult, uncertainties in those
estimates and in the unridged ice thickness estimates are reduced
by the large number of observations that are made and then
binned into broad-area averages.

For the purpose of data presentation we define an inbound leg,
an outbound leg, and a grouped TNB leg. The inbound leg is
from 175°C to Hells Gate Ice Shelf, and the outbound leg is from
Cape Washington to 175°E (Figure 1). Along both these legs the
data have been binned at 1° longitude intervals, with 175°E as the
reference datum. The grouped TNB leg combines all the
observations from (1) the point of entry at longitude 165.5°E to
Hells Gate Ice Shelf, (2) Hells Gate Ice Shelf to Drygalski Ice
Tongue, and (3) Drygalski Ice Tongue to Cape Washington
(Figure 1). The grouped TNB ice data are binned at 0.5°
longitude intervals, with 164°E as the reference datum. Binning
the data creates a “snapshot™ summary of the observations and is
a practical method of analyzing a short duration data set,

3.2. Satellite-Derived Ice Concentration/Open Water

To assess the representativeness of the ship-based ice
observations and derived fluxes in TNB, ice concentration (C in
pereent) data for the period March 21 to June 21, 1998, were
obtained from the National Snow and Ice Data Center (NSIDC).
To place the 1998 data in a longer term perspective, ice
concentration during the period May 21-31. 1998, is compared
with that during May 21-31 cach year from 1988-1998. The
period May 21-31 was chosen for convenience because it covered
a full week of ice cover variability prior to the in situ
observations in TNB on May 28 and terminated with the end of
the outbound leg on May 31. The NSIDC ice concentration data
arc derived from SSM/I satellite passive microwave brightness
temperatures using the NASA Team algorithm [Cavalieri et al.,
1994] and mapped to a polar stereographic grid [NSIDC, 1996].
The open water fraction is calculated from the ice concentration,
ie., 100-C.

Sources of error in the SSM/I-derived ice concentration data
relate to (1) the difficulty in distinguishing open water and new
ice from low concentrations of thick ice, compounded by mixing
effects due to the presence of various ice types within the large
(25 x 25 km) pixels, and (2) contamination of coastal pixels by
the adjoining ice sheet/land, although this effect is minimal for
larger polynyas [Massom et al., 1998a]. More accurate estimates
of ice concentration/open walter in coastal areas can be obtained
using the higher-resolution 85 GHz channels [Markus and Burns,
1995], but the data set for 1988-1998 is incomplete. lce
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concentration may be over-estimated in large polynyas because
of the effects of wind roughening of open water on emissivity
[Steffen and Schweiger, 1991].

Despite unavoidable errors, passive microwave data can be
used with confidence because they effectively illustrate temporal
changes in coastal polynya extent and, in the case of TN, much
of the variation in derived open water/ice concentration
represents real changes [Van Woert et al, 1992; Van Woert,
1999b]. For this study, errors in the absolute values are not a
significant issue as we are primarily interested in the state of the
ice in TNB on a relative basis and are using the satellite-derived
values for comparative purposes.

3.3. Air temperature and wind speed

Alr temperature, wind speed and direction, and humidity were
recorded automatically at 1 min intervals aboard the R/V
Nathaniel B. Palmer. Hourly data have been extracted from the
raw data to illustrate the weather conditions during the TNB
excursion. They provide a background to the environment in
which the sea ice observations were made, and theyv illustrate
some of the inputs to the heat flux calculations.

To place the ship-based air temperature and wind speed in
TNB in perspective, we analyzed data obtained at 10 min
intervals at AWS 8905 at 74.95°S, 163.69°E on Inexpressible
Island. only 8.5 km from the westernmost point reached by the
ship offshore from Hells Gate Ice Shelf. Mean daily temperatures
and wind speeds for the period May 21-31 each year from 1988
to 1998 were calculated from AWS data recorded at 0, 3, 6, 9, 12,
15, 18 and 21 hours each day. Occasionally, data were not
recorded on the hour. In those cases the nearest available data
point was used and it was typically within =1 hour of the
reference time. The AWS 8905 temperature record is complete
for each year, but wind data are missing in some years, including
1998, because of anemometer malfunctions.

3.4. Heat flux calculations

Estimates of the instantaneous conductive heat flux (F, in
W m™) through the ice and snow cover were calculated according
1o

T, =T

F(__:_._".Hf_‘_ (n
A
ki ks

here 75 is the snow surface temperature, 7yis the ocean
temperature (-1.84°C, the freezing point of secawater with a
salinity of 34.5, as described below), H, and /, are the snow and
ice thicknesses, respectively, and 4, and k arc the snow and ice
thermal conductivities, respectively. The assumptions behind this
approach have been discussed at length elsewhere, and it has
been shown that it provides satisfactory flux estimates [Sturm et
al., 1998; Jeffiies et al., 1999].

For kg we use two different values: 0.14 and 0.31 W m™ K%,
The higher & value is typically used in numerical models of sea
ice and climate [Massom er al., 1998b: Wu et al., 1999]. The
lower ks value is calculated according to Sturm ef al. [1997] from
the mean snow density (315 kg m™ and n = 161) in 42 snowpits
on 20 different floes throughout the western Ross Sea in May and
June 1998 [ Morris and Jeffries, 2001]. Similar low & values have
been reported at other times of year and elsewhere on Antarctic
sea ice [Massom et al., 1997, 1998b; Sturm et al., 1998]. For k
we follow Cox and Weeks [1988], with the ice salinity (per mil)
estimated according to Kovacs [1996]:



0.8666

S=4.0644 +

(2)
i
The snow surface temperature is computed from the surface
energy balance:

F+Fg+E+F+ 1 =0, (3)

where F7is the incoming long-wave radiation, Fg is the emitted
long-wave radiation, F, and [, are the sensible and latent heat
fluxes, respectively, and /. is the conductive heat flux. Short-
wave fluxes are omitted since they are near zero in TNB at this
time of year. £} is estimated according to Kédnig-Langlo and
Augstein [1994]:

F = 0T,*(0.765 + 0.22C*), ()
and F is estimated according to
Fy = —eoT,*, (5)

where T, and T arc air and surface temperature, respectively, ¢ is
the Stefan-Boltzmann constant, £ is the emissivity with a value of
0.98, and C is the relative cloud cover. The turbulent fluxes are
given by [Cox and Weeks, 1988]

Iy = panCHM(T:ﬂ =T (6)

Fe = paLCEM(QU - Q.\') H (7

where p, is the air density, ¢, is the specific heat, # is the wind
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speed, L is the latent heat of vaporization, and g, and g, are the
specific humidities of the air at the reference level and the
surface, respectively. Cy and Cp are the transfer coefficients,
defined at a specific reference level. As there are few good
measurements of the transfer coefficients, we follow the
Reynolds analogy and assume they are both equal to the surface
drag coefficient. For the latter we use a value of 1.5 x 107,
typical of low roughness ice in the Weddell Sca [Wamser and
Martinson, 1993]. This is equivalent to a value of 1.2 x 107 at the
reference height of 30 m on the R/V Nathaniel B. Palmer,
according to the flux gradient method [Andreas and Murphy,

1986] and the theory of Andreas [1987] for the conditions
encountered in TNB. Given that snow and ice surface
temperatures will be close to the air temperature, the actual
transfer coefficients should be quite close to the neutrally stable
value.

For the ice-covered arca of TNB and the pack ice, mean
relative humidity, mean wind speed and mean air temperature
values for each longitudinal bin were calculated from the ship’s
meteorological record and, together with a cloud cover value of 1
(100%), were used as inputs to the flux calculations. The cloud
cover value is based on visual assessment of National
Oceanographic and Atmospheric Administration (NOAA)
advanced very high resolution radiometer (AVHRR) satellite
images for the period of the TNB excursion. For the open water
adjacent to Hells Gate lce Shelf the heat flux was calculated
explicitly for ice growth at an open water surface on the basis of
the assumptions of Kuriz and Bromwich [1985], with air
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Figure 2. Temporal variability of daily open water/ice concentration in TNB during (a) autumn 1998 and (b) the

period May 21-3 (days 141-151) each year from 1988
microwave data. The solid horizontal lines represent mean
line and the large solid circle on May 28 identify when the

to 1998, as determined from SSM/I satellite passive
open water/ice concentration values. The vertical dashed
snow and ice observations were made in TNB.
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Figure 3. Hourly (UT) variation of (a) wind direction, (b) wind
speed, (c) relative humidity, and (d) air temperature from day 145
to day 150, i.c., from the beginning of the inbound leg as far as
Hells Gate Ice Shelf, Hells Gate Ice Shelf to Cape Washington
(CW), and CW to the end of the outbound leg. The lightly shaded
arca identifies the period when ice observations were made in
TNB. The darker shaded area identifies the period when the ship
was stationary at CW,

temperature, wind speed, and humidity inputs of —19.8°C,
17.0 m 5", and 57.5%, respectively, as recorded aboard the ship
at that location,

4. Results
4.1. Variability of the Autumn Ice Cover in TNB, 1988-1999

SSM/I-derived sea ice concentration charts for the period May
21-31, 1998, in the southwestern Ross Sea, including TNB, are
shown in Plate 1. Changes in ice concentration as the polynya
opened and closed can be seen, and it appears that the state of the
polynya was related to whether or not a band of 100%
concentration ice extended into the southwesternmost Ross Sea.
This phenomenon, observed in electrically scanning microwave
radiometer (ESMR) and scanning multichannel microwave
radiometer (SMMR) satellite passive microwave data [Stuman
and Anderson, 1986; Jacobs and Comiso, 1989] and suggested as
an influence on the state of the TNB polynya [Van Woert,
1999b], will be discussed.

The SSM/I-derived variability of open water and ice
concentration in TNB in autumn 1998 is shown in Figure 2a. The
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area of open water varied between 5.25 and 27.75%, with a mean
value of 14.0%. On May 28, when the snow depth and ice
thickness observations were made in the bay, the polynya was
undergoing a brief opening, and the area of open water was
14.25%. Thus the state of TNB and the ice cover (85.75%
concentration) on May 28 were normal with respect to autumn
1998 as a whole.

The variability of open water and ice concentration in TNB
during the interval May 21-31 from 1988 to 1998 is shown in
Figure 2b. During this 11 day interval over a period of 11 years
the area of open water varied between 3.75 and 27.0%, with a
mean value of 14.5%. Thus, the state of the ice cover on May 28,
1998, in TNB also was normal with respect to the decadal record
for late May.

4.2, Weather Conditions in May 1998

A key feature of the weather, as recorded aboard the ship, was
the persistent westerly wind in TNB (Figure 3a), which apart
from a brief lull toward the end of day 147 (Figure 3b) near the
Drygalski Ice Tongue, was stronger (peak speeds of 20 m s
than the easterly to southerly wind that was more typical of the
region outside the bay. Minimum relative humidity values
occurred in TNB (Figure 3¢). The oceurrence of a strong, dry
westerly wind in the bay is consistent with the katabatic air flow
off the continent that plays a key role in polynya activity [Kurz
and Bromwich, 1983, 1985: Bromwich and Kuriz, 1984]. As we
proceeded farther into the bay along the inbound leg, air
temperature increased (Figure 3d), which is consistent with
previous observations that the surface temperature within the
katabatic flow can be warmer than at the surface outside the flow
[Parish and Bromwich, 1989]. The westerly wind continued but
declined in speed until shortly before we left Cape Washington,
when it was almost calm (Figure 3b) and veered to the north
(Figure 3a).

The mean daily air temperature and wind speed at AWS 8905
on Inexpressible Island for the period May 21-31 from 1988 to
1998 are presented in Figure 4. The end of May 1998 was
warmer than it had been in most previous years: the mean
temperature during May 21-31, 1998, was —23.6°C compared to
—26.8°C for the same 11 day period during 1988-1998. The mean
daily temperature on May 28, 1998, was —19.4°C compared to
the mean of —24.9°C for the same day during 1988-1998. AWS
wind data are unavailable for 1998, but during the 50 min that the
R/V Nathaniel B. Palmer was at its westernmost location and
holding station for ice sampling c¢lose to the Hells Gate Ice Shelf
and AWS 8905, the mean wind speed ahoard the ship was
17.0 m s™" i.e., higher than the mean wind speed of 14.8 m s on
May 28 from 1988 to 1997,

4.3. Sea Ice Thickness Variability in May 1998

4.3.1. Unridged ice thickness and snow depth variability.
TNB was almost entirely covered with ice and the 6% arcal
coverage of open water (Figure 5a) occurred in the western
extremity of the bay immediately offshore from Hells Gate Ice
Shelf. Considering the differences in technique, there is good
agreement between the ship-based observations and the SSM/I-
derived open water/ice concentration of 14.25% (Figure 2).

In the open water at the front of the Hells Gate Ice Shelf a
significant amount of frazil ice was being formed, and it was
being transformed quickly into pancakes. They, in turn, were
rapidly consolidating into sheet ice over distances of a few
hundreds of meters. Almost all of the ice cover in TNB was sheet
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Figure 4. Mean daily air temperature and wind speed at AWS 8905 on Inexpressible Island for the period May 21-
31 (days 141-151) each year from 1988 to 1998. The solid horizontal lines represent the mean values for May 28
during the period 1988-1998. The wind speed measured aboard the ship at Hells Gate lce Shelf, westernmost TNB,
is shown as a triangle in the lower right graph. Days with missing data are identified in Figure 4b.

ice. Of the unridged sheet ice cover, 87% was <0.3 m thick
(Figure Sa). Textural and stable isotopic analysis of thin ice
samples taken in and immediately outside the bay (Figure 1)
showed that the sheet ice was composed almost entirely of
consolidated granular frazil ice. Only 2.8% of the granular ice
was snow ice.

There was a pronounced ice thickness gradient within TNB,
with a fivefold increase in unridged ice thickness (0.05-0.25 m)
from west to east (Figure 5b). There was also a west-cast increase
in snow depth, from 0 to 0.03 m (Figure 5b), with snow depth/ice
thickness ratios (S/1) of 0-0.12. The thin snow cover and the low
snow/ice thickness ratios account for the very small amount of
snow ice observed in the ice samples.

The spatial variability of the unridged ice thickness along the
inbound and outbound legs is shown in Figure 6. The pattern was
essentially the same along each leg, with an ice thickness
maximum located roughly midway between the ice thickness
minima at the beginning and end of each leg. Combined, the two
legs have a broad ice thickness maximum of 0.6 to 0.7 m between
169° and 172°E. On the inbound leg there was a tenfold decrease
in ice thickness from the maximum (0.6 m} at 171°-172°E to the
minimum (0.06 m) at 164°-164.5°E, the most westerly section of
TNB. A similar pronounced ice thickness gradient was not
observed in the data for the outbound leg as it began at the outer,
northeastern margin of the bay. Maximum snow depths (0.07-
0.09 m) occurred in the region of maximum ice thickness (Figure
6), but like those in the bay, were only a small fraction of the
total thickness of snow plus ice, with S/1 ratios of
0.11-0.15.

4.3.2. Areal extent of ridging and effective ice thickness
variability. The sheet ice in TNB was being thickened
dynamically by ridging, which varied between 2.5 and 18.5% in
areal extent (Figure 7a). As a consequence of the ridging, the

effective ice thicknesses were 2-3 times greater than the unridged
ice thicknesses (Figure 8a) and between 44% and 66% of the
total ice mass was contained within the 2.5-18.5% of the TINB ice
cover that was ridged (Figure 7a). The areal extent of ridging,
effective ice thickness, and contribution of ridges to the total ice
mass within the polynya cach showed a strong gradient as a
function of distance from shore (Figures 7a and 8a).

On the inbound and outbound legs the areal extent of ridging
in the pack ice varied between 5 and 35%., and 9 and 30%,
respectively, with the least ridging at the beginning and end of
each leg (Figures 7b and 7c¢). Factoring in the contribution of the
ridges to the ice thickness distribution leads to effective ice
thicknesses 1.5-3 times greater than the unridged ice thicknesses
(Figures 8b and 8c). Between 30% and 60% of the total ice mass
was contained within the 5-35% of the pack ice that was ridged
(Figures 7b and 7c).

4.4. Heat Flux

The heat flux was calculated for the unridged ice and for the
effective ice thickness in each of the 1° longitudinal bins along
the inbound and outbound legs and the 0.5° longitudinal bins in
TNB using the two different bulk snow thermal conductivity
values. In this way we can illustrate the potential variability of
the heat flux. To investigate the degree to which the flux
estimates in TNB were a function of the fact that May 28, 1998,
was 5.5°C warmer than the mean temperature for that day during
1988-1999, the fluxes were also calculated using air temperatures
5.5°C lower than those recorded aboard the ship and assuming
the same snow and ice thickness.

Regardless of the choice of k; and the fact that the air
temperature on May 28, 1998, was 5.5°C higher than the long-
term average, the area-weighted mean heat fluxes in TNB (open
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Figure 5. (a) Areal extent of open water and different ice
thickness categories (World Meteorological Organization sea ice
nomenclature) in TNB. (b) Mean snow depth and mean thickness
of unridged ice in 0.5° longitude wide bins in TNB (the snow
depth is shown as a cumulative addition to the ice thickness).
These data are a summary of all observations made along the
three cruise legs in TNB (see Figure 1).

water and ice) were an order of magnitude greater than those in
the pack ice (Table 1). The spatial variability of heat flux in TNB
and in the pack ice is presented in Figures 9 and 10, respectively.
For the observed air temperature, wind speed and humidity at
Hells Gate Ice Shelf the heat flux from the open water was 764
W m? (Figure 9a). Adjusting the air temperature by -5.5°C
increased the heat flux from the open water by 25% to 958 W m™
(Figure 9b). Between westernmost and easternmost TNB the heat
flux decreased by an order of magnitude as the ice and snow
thickness increased (Figure 9). The heat flux at the eastern edge
of TNB was slightly higher than, but of the same order of
magnitude as, the fluxes in the pack ice (Figures 9 and 10).

For the pack ice and for the ice covered area of TNR the fluxes
were higher for the unridged ice than for the effective ice
thickness and higher for the low k, value than for the high k,
value, as one would expect (Figures 9 and 10). In the pack ice the
heat flux varied according to the ice thickness variations on each
leg, and the flux on the outbound leg was slightly lower than that
on the inbound leg because of the higher air temperatures (Figure
3d) and generally thicker ice (Figures 6 and &),

5. Discussion

5.1. Sea Ice Cover

The spatial variability of the unridged ice thickness observed
on the inbound and outbound legs, particularly the decrease in ice
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thickness toward the coast. is not unusual in the Antarctic pack
ice. It is a more localized version of an ice edge-to-continent
pattern observed in the East Antarctic pack ice [Allison and
Worby, 1994] and in the western Ross Sea [Jeffries and Adolphs,
1997; Morris et al., submitted manuscript, 2000]. The unridged
ice thickness values, snow depth values, and snow/ice ratios
along the inbound and outbound legs are each similar to those
observed in the Ross Sea pack ice between the ice edge and the
Ross Ice Shelf in autumn 1998 (Morris et al., submitted
manuscript, 2000). On the other hand, the maximum values for
arcal extent of ridging and the contribution of ridges to the total
ice mass along both the inbound and outbound legs exceed those
observed between the ice edge and the Ross Ice Shelf in autumn
1998 (Morris et al., submitted manuscript, 2000).

The region of the inbound and outhound legs is one that has
previously been found to be the most heavily ridged in airborne
laser profiles of the Ross Sea ice cover [Weeks et al., 1989]. It is
a region that coincides with a zone of cold, thick ice observed
flowing northeastward from the southwesternmost Ross Sea in
satellite thermal infrared images [Szekielda, 1974; Kurtz and
Bromwich, 1983, 1985]. A thick ice band in this region has been
reproduced in numerical simulations of the TNRB polynya and
adjacent pack ice [Gallée, 1997, Figure 7].

The high concentration ice band can be seen in Plate 1. It is
also a transient feature: the ice concentration fluctuates, and the
ice band appears to undergo a cycle of advance and retreat. This
has previously been reported by Van Woert [1999a, 1999b], who
noted that the mechanism responsible for the breakdown of the
compact ice band is not well understood. Regardless of its cause,
the cycle of opening and closing of the pack ice in this region
will promote new ice formation on the one hand and dynamic
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Figure 6. Mean snow depth and mean thickness of unridged ice
in 1° Jongitude wide bins along (a) the inbound leg to TNB and
(b) the outbound leg from TNB. The snow depth is shown as a
cumulative addition to the ice thickness.
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Plate 1. Polar stereographic projection charts of SSM/I-derived ice concentration for the period May 21-31, (days
141-151) 1998, in the southwestern Ross Sea. The day of year is given in the lower right corner. The Drygalski Ice
Tongue is identified by DIT. The grey areas at the left of each chart are continental pixels. The reversed L-shaped
box in white identifies the four pixels for which the arca-weighted ice concentration/open water in TNB were
derived. The region of low ice concentration in the lower right corner, for example, days 148-150, is the Ross Sea
polynya adjacent to the Ross Ice Shelf.
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Figure 7. Areal extent of ridging and the contribution of ridges
to the total ice mass (a) within TNB, (b) along the inbound leg to
TNB, and (c) along the outbound leg from TNB. The binning
increment is 0.5° of longitude in Figure 7a and 1° in Figures 7b
and 7c.

thickening by ridging on the other, leading to the extensive
ridging and significant contribution of ridges to the ice thickness
and ice mass observed on the inbound and outbound legs.
Ridging in this region is probably also promoted as ice moving
eastward away from Victoria Land under the influence of the
katabatic wind [Jacobs and Comiso, 1989], which extends as
much as 200 km offshore of TNB [Kwrtz and Bromwich, 1985],
interacts with the ice flowing northeastward from the
southwesternmost Ross Sea.

During the 3 days of the inbound leg prior to the observations
in TNB the high concentration ice band extended further south
and covered a much larger area (Plate 1, days 145-147) than it
did during the rest of the period May 21-31 (Plate 1) and
minimum open water occurred in the bay (Plate 1). On the day
the observations were made in TNB, there was a slight increase
in the amount of open water in the bay (Figure 2) as the high
concentration ice band began to recede (Plate 1, day 148). It is
likely that the extensive, ridged ice cover observed in TNB on
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May 28 was the culmination of the blocking effect of the high
concentration, thick, ridged sea ice band during days 145-148,
when it acted as a barrier that prevented the export of newly
formed ice from TNB. Under those circumstances the ice in the
bay would not have been in free drift (a basic assumption of
polynya maodels); consequently. it consolidated and ridged rather
than being advected farther east in response to the strong westerly
winds. The in situ and remotely sensed observations of the state
of the ice cover in and adjacent to TNB provide corroborating
evidence for the suggestion [Van Woert, 1999a. 1999b] that the
development of the TNB polynya is influenced not only by the
local katabatic winds and air temperatures but also by the
compaciness of the sea ice in the southwestern Ross Sea.

That there was an extensive and relatively thick and ridged
sheet ice cover in TNB was not a complete surprise. In May 1995
and May 1998 we also observed negligible open water and
extensive rafting of nilas and young ice in the Ross Sea polynya
immediately north of the Ross Ice Shelf [efiries and Adolphs,
1997; Morris et al,, submitted manuscript, 2000]. Extensive
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4446

Table 1. Arca-Weighted Mean Conductive Heat Fluxes in TNB
and in the Pack Ice During the Inbound and Outbound Legs, May
25-31, 1998.

TNB TNB Pack Ice, Pack Ice,
(Observed (Observed Inbound  OQutbound
7.2C) 7-5.5, °C)
Unridged ice, 199 246 35 20
ke 014 Wmt K (23%)
Effective ice 156 191 24 15
thickness. (30%)
ko 0l4Wm' K
Unridged ice, 216 268 49 30
ko031 Wm'K! (21%)
Effective ice 164 201 31 20
thickness, (28%)

ke 031 Wm' K
Note: the heat flux in TNB was calculated at the observed air
temperatures (7) (column 2) and at 7-5.5°C (column 3} to allow for the
fact that 7" on 28 May, 1998, was 5.5°C higher than the mean T for May
28 from 1988 to 1998, The values in parentheses in column 2 represent
the proportion of the heat flux from the open water.

ridging of the TNB ice cover and the ridging maximum at its
castern extremity is also consistent with recent experience at the
northern edge of the Mertz Glacier polynya, where extensive
fields of high elevation ridges delayed the entry of the R/V
Aurora Australis into the polynya in July 1999 (A, P. Worby,
personal communication, November 1999). A pattern of
increasing areal extent of ridges with distance from coastal
polynyas was also observed in the Weddell Sca [Eicken and
Lange, 1989]. The areal extent of ridging in TNB was lower than
that reported in the Weddell Sea and generally lower than that
outside the bay along the inbound and eastbound legs.
Nevertheless, ridges made a significant contribution to the
thickening of the ice cover and to the ice mass in TNB.

5.2. Heat Flux

Previous estimates of the heat flux from the occan to the
atmosphere in TNB have considered only the open water area,
which alone has been used to represent the extent of the polynya.
The open water heat [Tux in May 1979 in the TNB polynya was
814 W m™ [Kurtz and Bromwich, 1985] and in late May 1988-
1990 was 800-1100 W m™ (based on interpolation of Van Woert
[1995b, Figure 5]). The heat flux from the small area of open
water at the western margin of TNB in late May 1998 was similar
to the above values and therefore not unusual.

According to the strictest definition of a polynya, ie., a
recurrent arca of open water, TNB polynya was very small on
May 28, 1998. However, although the ice cover in TNB had, in
effect, backed up as a result of the blocking effect of the pack ice,
there continued to be a significant flow of heat rom the ocean to
the atmosphere throughout TNB. The area-weighted mean heat
flux from the bay remained an order of magnitude greater than
that from the pack ice, regardless of the choice of air temperature
or snow bulk thermal conductivity, for both the unridged ice and
the effective ice thickness.

Of the relatively high area-weighted mean heat flux in TNB,
no more than 30% was from the open water (Table 1); the
greatest proportion of the heat loss occurred through the ice.
Worby and Allison [1991] reported a similar phenomenon in

simulations of turbulent fluxes over the thin, variable

JEFFRIES ET AL.: SEA ICE AND HEAT FLUXES IN TERRA NOVA BAY

concentration East Antarctic pack ice. There, at concentrations of
80-100% the fractional turbulent heat loss through thin ice
(<0.3 m) was greater than that from open water. The ice
concentration in TNB exceeded 90%, and all of the unridged ice
and much of the effective ice thickness there was <<0.3 m thick
(Figure 8a).

6. Summary and Conclusion

The first ship-based observations of sea ice thickness and
snow depth variability in and adjacent to TNB in autumn (late
May 1998) have been reported. On the basis of the snow and ice
observations and prevailing meteorological conditions the
conductive heat flux from the ocean to the atmosphere was

estimated for TNB and for the adjacent pack ice. Satellite passive
microwave and automatic weather station data were used to
determine whether the observed ice conditions, and by
implication the estimated heat fluxes, were within the limits of
normal variability or anomalous. The key findings of this TNB
sea ice and heat flux investigation are as follows:

1. Despite a strong westerly katabatic air flow, TNB was
almost completely covered with consolidated ice, which was
being dynamically thickened by ridging. The ridges contributed
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Figure 9. Conductive heat flux variability for the open water
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0.5° longitude wide bins in TNB for (a) observed temperatures
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bins the heat flux is shown as a function of snow bulk thermal
conductivity k. A common log scale is used to expand the scale
and increase the spacing between symbols.
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Figure 10. Conductive heat flux for the unridged and effective
ice thicknesses in the 1° longitude wide bins along (a) the
inbound leg to TNB and (b) the outbound leg from TNB as a
function of snow bulk thermal conductivity kg. The highest flux
values for the open water in westernmost TNB (see Figure 9)
have been omitled deliberately, and a common log scale is used,
resulting in an expanded scale that increases the spacing between
symbols.

as great a proportion to the ice mass in the bay as they did to the
pack ice outside the bay. The unridged ice thickness, the areal
extent of ridges, and the effective (unridged plus ridged) ice
thickness in the bay all increased as a function of distance from
shore, i.e., from west to east.

2. Satellite passive microwave (SSM/I)-derived ice
concentration data indicate that the ice conditions observed in
TNB, and thus by implication the estimated heat fluxes, were
normal for late May. The almost complete and ridged ice cover in
the bay was probably due to the blocking effect of the high
concentration, thick, and extensively ridged pack ice outside the
bay. Unable to advect to the cast, the ice in the bay consolidated
and ridged in response to the strong westerly katabatic air flow.

3. The closure of the polynya as the ice backed up toward the
coast did not shut off the heat flow from TNB. Although the bay
was almost completely covered with ice, the area-weighted mean
heat flux was still an order of magnitude greater than that in the
adjacent pack ice. While the heat flux was locally very high in
the open westernmost region of the bay, it contributed only a
relatively small proportion of the area-weighted mean heat flux.
The latter was dominated by the heat loss through the extensive
ice cover. The heat flux in the bay was not uniformly distributed:
it decreased by an order of magnitude as the ice thickness
increased from west to east. Since the ice conditions observed in
TNB were apparently normal for the time of vear, the heat fluxes
and their distribution must also have been quite normal.
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This investigation suggests that much could be learned from
further in situ investigations of the TNB ice cover and the
adjacent pack ice. Logistical constraints to detailed in situ studies
of ocean-ice-atmosphere interactions in TNB polynya clearly are
not insurmountable. More detailed information on the spatial and
temporal variability of ice characteristics and processes could be
obtained from longer-duration ship-based studies, coupled with
remote sensing, to obtain data under a wider variety of
environmental and ice formation conditions than was possible
during our brief excursion into TNB. By establishing more
precisely the role of katabatic winds and the pack ice on ice cover
variability from autumn through spring in TNB. it would be
possible to make improved estimates of heat fluxes, ice and salt
production, and their role in water mass modification and
formation. Further field and analytical studies are vital for the
improvement of numerical simulations of polynya dynamics and
thermodynamics and increasing the understanding of Antarctic
coastal polynyas as sites for locally high heat and salt fluxes and
their impact on regional and even larger scale atmospheric and
oceanic processes.
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